Introduction
Thermal comfort is the key factor to be considered in clothing design, and furthermore a crucial factor for protective clothing systems for fire-fighters working in hot environments. Comfort researchers recognise that clothing comfort has two main aspects that combine to create a subjective perception of satisfactory performance. These are thermo-physiological and sensorial comfort. The moisture transmission behaviour of a clothing assembly plays a very important role in influencing its efficiency with respect to both thermo-physiological and sensorial body comfort [1] .
Thermo-physiological comfort has two distinct phases. During normal wear, insensible perspiration is continuously generated by the body. Steady-state heat and moisture vapour fluxes are thus created and must be gradually dissipated to maintain thermoregulation and a feeling of thermal comfort. In transient wear conditions, characterised by intermittent pulses of moderate or heavy sweating caused by strenuous activity or climatic conditions, sensible perspiration and liquid sweat occur and must be rapidly managed by the clothing. Therefore, heat and moisture transfer properties under both steady and transient conditions must be considered for prediction of wearer comfort [1, 2] .
Studies show that the maximum rate of sweat production by an average man is about 30 g/min (1.8 l/h) [3] . The sweat rate may even reach up to 4 l/m 2 for shorter duration [4] . Schopper-Jochum et al. found that 30 -44% of the sweated amount of moisture is accumulated in the clothing system [5] . Keiser C. and Rossi R.M. found that under usual fire-fighting circumstances, about two-thirds of this moisture may remain in the clothing system [6] .
By analysing the moisture distribution in the different combinations of underwear with fire-fighter protective clothing, Mäkinen et al. observed that 50 -80% of the sweat accumulated in the inner two layers [7] . Rossi R. found that 80% of the moisture remained in the inner two layers after 10 minutes sweating and still more than 60% after 20 minutes. Keiser C. made measurements on the sweating cylinder and discovered that over 90% of the moisture remained in the first three layers [4] .
Studies on the influence of moisture in clothing system on the heat transfer suggest that moisture can inhibit or increase heat transfer through thermal protective material depending upon specific conditions. Chen investigated simultaneous heat and moisture transfer through single-layer cotton fabrics at different moisture conditions (dry, conditioned and moist) and for varying heat flux intensities (21- 188 kW/m 2 ), for time exposure from 1 to 15 seconds. He found that at high heat exposures and for short test durations, moisture detrimentally affects thermal protection. For longer exposures, moisture can increase thermal protection [8] . Lee and Barker studied heat transfer through single-layered protective fabrics at 20 W/m 2 and 84 W/m 2 radiant heat exposures. Three different moisture conditions were used in their study: dry, conditioned and wet, at moisture loads ranging from 60% to 80%. These tests showed that at high radiant exposure (84 W/m 2 ), the thermal protective performance of the fabric is reduced by up to 35%. At incident heat flux level of 20 W/m 2 , the thermal protection of wet samples increases [9] . Mäkinen et al. studied the effect of moisture content in underwear on thermal protection. The garments (layers moistened with different amounts of water) were exposed to a source of radiant heat of 20W/m 2 according to the standard ISO 6942. They found that humidity in underwear decreased time to pain and time to burn, with the shortest burn time occurring at a moisture content of 30-40%. These data were obtained on systems without a moisture barrier [7] . Rossi and Zimmerli investigated the influence of humidity on the protective clothing during exposure to a radiant heat of 80 W/m 2 and 5 W/m 2 , respectively. They found that at low radiant heat flux exposures, humidity in the inner clothing layers generally decreases the time to pain and the time to burn [10] .
These contradictory results can be attributed to the different factors that influence heat transfer in protective clothing: the amount, the location and the transfer of the moisture, the type and conditioning of materials and the duration and intensity of thermal exposure [6] .
According to Mäkinen [11] , thermal environments are divided into three categories: routine, corresponding to a common intervention for firefighters characterised by low radiant heat flux from 0.42 to 1.26 kW/m² and air temperatures in the range of 10 -60°C; hazardous, representing an intervention in the presence of high radiant heat flux from 1.26 to 8.37 kW/m² and air temperatures in the range of 60-300°C; and emergency corresponding to extreme conditions from 8.37 to 125.6 kW/m² and air temperatures in the range of 300-1000°C.
Data obtained over the years show that most burn injuries sustained by fire-fighters occurred in thermal environments with low radiation level (classified as routine or hazardous conditions), as a result of prolonged exposure [12] [13] [14] . So far, almost all the studies on thermal protective performance were conducted for high-level radiant heat flux corresponding to the emergency conditions; only a few studies have been conducted on thermal protective performance with prolonged exposure to hazardous conditions; and no studies have been found for the moisture influence on heat transfer through thermal protective clothing under routine conditions. Thus, a research was started to study the effect of moisture on the thermal protective performance of fire-fighter clothing in lowlevel radiant heat environment, the most common conditions in which the fire-fighters work. Understanding mechanisms by which moisture in textiles affects heat transfer through clothing systems could lead to improvements in the design of thermal protective clothing [15] .
The problem of vapour diffusion through the layers of the protective clothing is complicated and has to be approached through the integration of the interaction between heat and mass transfer and heat of phase changes [4] . Therefore, in the first stage of this research moisture effect on heat transfer through single-layer fabrics was studied. We investigated simultaneous heat and moisture transfer through a single-layer fabric, used as underwear for fire-fighters, at different moisture conditions, in the case of routine firefighting operation (radiant heat flux of 1100 W/m 2 ).
In the second stage of the study, the underwear in dry and wet state was tested together with protective clothing systems for a fire-fighter consisting of three and four layers.
For the wet tests, at the beginning of the experiments, the underwear was wetted only with defined amounts of water, in order to simulate the accumulation of sweat in this layer. The moisture membrane prevents the passage of liquid water from underwear to outer layers, and the water-vapour diffusion will occur only through the layers of protective system.
Experimental

Materials
Protective clothing systems consisting of three and four aramidbased layers which are typical in the underwear designed for fire-fighters: -Outer layer -which protects against all kinds of thermal hazards and mechanical impact; -Moisture barrier -which protects against water and other fluids; -Thermal barrier -which is an insulating layer which protects against heat; and -Inner layer -which protects the thermal barrier against abrasion.
Two multi-layer fire-fighter jackets were chosen for analysis. The first assembly was composed of outer shell, moisture barrier and thermal barrier, respectively. The moisture barrier is a hydrophilic polyurethane (PU) membrane. The second one contains outer shell, moisture barrier, thermal barrier and inner layer. The moisture barrier is based on the microporous hydrophobic polytetrafluoroethylene (PTFE) membrane.
In firefighting, underwear's principal role is to provide an additional layer of material between the hazard (radiant or direct flame contact) and the person's skin. Cotton is the most commonly used underwear, but wool, silk, aramid or other flame-resistant materials are also used [16] . Fabrics made by synthetic fibres, 100% or blended with natural fibres, resistant to high temperatures as well as to chemical agents are used for underwear for firemen, due to their improved ability to remove moisture, which seemingly could improve fire-fighters' comfort and might increase efficiency. In this study, underwear made of functionalised polyamide base fibres, resistant to high temperatures as well as to chemical agents and with good moisture management capacity, was used.
The physical properties (thickness, surface weight, bulk density) and the thermo-physical properties (water-vapour resistance and thermal resistance) of the fabrics were measured and are displayed in Table 1 .
Thickness was measured under the pressure of 1 ± 0.01 kPa, according to the standard ISO 5084:1996. Density was calculated from the values of fabric monolayer thickness and surface weight (which was determined using an analytical balance). The average of ten measurements was calculated.
Measurements of thermal (R ct ) and water-vapour resistance (R et ) of mono-and multi-layer fabrics were carried out on the sweating-guarded hotplate according to the standard ISO 11092:1993 [17] . Specific environment testing conditions prescribed by this standard were met using a climatic chamber.
It can be noted that the sum of R ct values of individual layers is close to the measured R ct of the assembly composed of the corresponding layers. In contrast with the thermal resistance, the total water-vapour resistance of a combination of textiles is not always equal to the sum of the single resistances. In particular, the inclusion of hydrophilic components imparts the complexity of the phenomenon, as the water-vapour resistance of these materials depends on the relative humidity of the membrane [18] .
Experimental set-up and procedure
The test apparatus
The scheme of the test apparatus for determining heat and moisture transfer under both steady and transient conditions through single-layer or multi-layer fabrics, when exposed to a low-level radiant heat flux, is shown in Figure 1 .
An infrared lamp (SICCA RED 150W 240V HG) was used as radiant heat source in order to supply a constant radiant heat flux at the surface of the sample corresponding to the routine condition of the firefighting environment. Figure 2 shows the relative intensity distribution of the lamp [19] .
For every Watt electrical power, the radiant intensity is expressed by the equation (1):
(1) P -the power source, W I -the radiant intensity, W/Sr Ω -the solid angle, Sr. Thus, from equations (1) and (2):
or,
where F is the radiant heat flux density, W/m 2 . Inner layer 100 % aramid woven 150±1 0.37±0.00 403±6 0.0129±0.0003 3.44±0.14 paint having a coefficient of absorption greater than 0.9, so as to absorb radiant flux. The cooper plate is bent into an arc with a radius of 130 mm. The copper plate is accurately weighed before assembly. The curved copper plate is bonded to the mounting block around its edges using an adhesive resistant to high temperature.
The fabric holder assembly is placed on the precise METTLER TOLEDO balance in order to register the evaporation rate. The data are collected and stored with the LabX direct Balance 2.3 system on a PC.
E-type Chromega TM -Constantan thermocouples (Omega Engineering LTD, USA) are placed between fabric layers in order to measure the temperature distribution through the multi-layer assembly during experiments.
A Data Acquisition System Keithley 2700 with 20-Channel Differential with Multiplexer module 7700 coupled to a computer with ExceLINKS software has been used to register the data. For small angles, the radius of the sphere can be approximated with the distance "d" between the radiant source and calorimeter. In our arrangement, the maximum distance between the source and the calorimeter is 420 mm. For this distance the beam angle value is between 0 and 3.6 (°) and the average intensity of the lamp is 1. The fabric holder assembly was fabricated to hold and position a fabric sample rigidly against the hot air impinging flow. The heat transferred across the fabric is measured with a sensor assembly positioned on the fabric holder. The fabric holder consists of 90x90 mm square piece of extruded PVC board of nominal thickness 25 mm and known density and thermal characteristics.
The sensor assembly is composed of a copper plate calorimeter 50 x 50 mm, 1.6 mm thick, an insulating board and a Chromega TM -Constantan thermocouple silver welded on the copper plate. The calorimeter face is painted with a flat black
Calibration of the radiant source
In the presented configuration, calibration of the test apparatus is performed as follows: The incident heat flux density can be adjusted to the required level by varying the distance between the radiant source and the calorimeter.
The calibration of the radiant source is confirmed by measurements using an ultra-thin Heat Flow Meter 50 x 50mm, from CAPTEC with a sensibility of 11.7 mV/(W/m 2 ).
Experiments
Single-layer tests
The specimen had the dimension (57.5 x 57.5) mm. The distance between the infrared lamp and the outer surface was defined in order to supply a constant radiant heat flux of 1100 W/m 2 at the surface of the sample.
The experiment started by first applying the flux on a movable screen which was initially closed for 30 seconds to prevent premature heating of the fabric prior to testing. When the screen was quickly opened the heat flux reached the front fabric surface. The fabric sample was exposed to the heat flux until the steady state was reached.
Both dry and wet tests were performed. For the wet tests, at the beginning of the experiment the underwear was wetted with a defined amount of water (1.08 g, 1.38 g and 1.74 g). This corresponds to the moisture content of 120%, 160% and 200%, respectively, for the underwear relative to the conditioned weight (20 °C and 40 % RH). To moisten the sample, the following protocol was used: the specimen was first conditioned in the testing room prior to moisture application and testing. The sample was immersed in distilled water and then placed between sheets of rolled-over blotting paper using a metal roller for removing the excess water until the needed amount of water was obtained.
The testing conditions were constant during the experiments: ambient temperature T amb = 20 °C and air relative humidity RH= 40%.
Multi-layer fabric system tests
The same protocol was used for multi-layer fabric systems without additional water (dry condition) and with additional water within the underwear. The outer shell, thermal liner and moisture barrier and inner layer specimens have the dimension (70x70) mm and were fastened on the specimen holder using some clamps. A slight tensioning force of 2N was applied in order to avoid the air gaps between layers. The underwear specimen had the dimension (57.5x57.5) mm.
For the wet tests, the underwear was wetted with the same amounts of water (1.08 g, 1.38 g and 1.78 g), corresponding to the moisture content of 120%, 160% and 200%, respectively, for the underwear.
E-type Chromega TM -Constantan thermocouples (Omega Engineering LTD, USA) were placed between fabric layers in order to measure the temperature distribution (T1, T2 and T3) through the textile assembly during the experiment. The thermocouple accuracy was 0.3 °C, the response time 0.3 s, wire diameter 0.075 mm and Teflon insulation 0.3 mm.
The locations of thermocouples into the fabric systems are shown in Figure 3 . Figure 4 shows the temperature variation for the constant heat flux of 1100 W/m 2 , for underwear with different moisture content. The temperature pattern for wetted fabrics can be divided into four different phases: an initial rising phase, a stagnation phase, a final rising phase and a final stagnation phase. During the first phase energy was used mainly in heating up the fabric and moisture, and only a small quantity of moisture was evaporated. During the second phase the temperature was constant (43.5 °C) regardless of the initial amount of water contained in the material. On the contrary, the amount of moisture had a significant influence on the second phase duration. Thus, for the 1.08 g moisture content (120%) the temperature plateau was registered for 1398 seconds, for 1.38 g moisture content (160%) for 1608 seconds and for 1.74 g moisture content (200%) for 1956 seconds. Keiser C. [4] found a linear correlation between the amount of water and the duration of the second phase. This linear correlation was confirmed by our results (see Figure 5 ).
Results and Discussion
Single-underwear tests
In the third phase the temperature started rising again, and the fourth phase represented the equilibrium.
The temperature was lower during evaporation of the moisture than during the measurement of the dry sample. The higher the initial moisture content the higher the difference during the evaporation. For all experiments, as soon as the moisture had evaporated, the temperature approached the temperatures measured for dry sample, 75°C. At the end of the experiment, moisture content reached a negative value. As the weight of the whole system was set to zero initially, a negative amount of water at the end of measurement indicates that this amount of water must be present within the textile layer at the beginning of the measurement. The samples were kept at room condition prior to the tests, and therefore an initial amount of water corresponding to their moisture regain was present in the material. After radiation was cut off, the same amount of water was absorbed back into the fabric from the surrounding atmosphere. This amount represents 12.79% of the mass of perfectly dry material and corresponds to the moisture regain of fibres, that is, 12%.
The energy used for evaporation can be calculated from
where m˙e vap is the evaporative mass flux, kg/m 2 s ϕ evap is the latent heat of evaporation, J/kg.
Considering that the temperature of the system remains constant during evaporation, we can calculate the energy used for evaporation:
The general inward heat flux Q in (W/m 2 ) represents a heat flux that enters into domain.
ε is the emissivity of the fabric Q is the radiant heat flux, W/m 2 .
The emitted thermal radiate heat flow is defined as Natural convection heat transfer following the temperature gradient between the surface and the environment occurs:
where h c is the natural convection heat transfer coefficient (W/m 2 K) calculated using the definition of the Nusselt number:
where Nu is the Nusselt number k air is the thermal conductivity of the air W/(m·K) L is the characteristic length, m.
According to the empirical correlation of free convection on a horizontal plate for T surf >T amb [20] : The constants used for the calculation of the energy balance are shown in Table 2 . The heat of evaporation according to equation (6) is 632 W/m 2 and according to equation (7) is 600 W/m 2 . Thus, a good correlation can be considered between the two values, taking into account the assumptions made. Figure 8 shows the evolution of temperature over time according to measurements at all the four interfaces, for the three-layer protective system with underwear, FJ1 +UW, in dry condition. Figure 8 shows that the temperature of the thermocouples starts rising sharply from the moment the fabric system is exposed to the radiant flux at t=0 and then gradually rises until stabilisation. The highest rate of rise is registered by T1 temperature and the smallest rate in temperature increase is registered by the calorimeter temperature, Tc. The energy is conducted to the copper plate interface, but in a relatively slower process that proves the thermal protective effect of the fabric system. The temperature at the back face stabilises at approximately 72 °C, and the temperature T1 at about 95°C. For multi-layer clothing system the water-vapour resistance of the upper layers leads to a lower evaporation rate and consequently lower energy absorbed by evaporation. Thus, for the FJ1 + UW tests, the temperature plateau is recorded at a higher value (51 °C) than for single underwear (43.5 °C). for a three-layer protective system + underwear, for 120%, 160% and, respectively, 200% initial moisture content in the underwear layer.
Fire-fighter Jackets + Underwear tests
Similar to the previous discussion, the temperature pattern can be divided into four different phases: an initial rising phase, a stagnation phase, a final rising phase and a final stagnation phase.
After the first stagnation phase, the temperature starts rising again and a steady-state condition is reached, indicating that the fabric is completely dry. The temperature at the back face stabilises at approximately 72 °C and the temperature T1 at about 95 °C. In fact, as soon as the moisture evaporates, the temperatures approach the temperatures measured for dry samples. Figure 12 shows the comparison of the temperatures T1 and Tc, respectively, for different amounts of moisture content in underwear under a radiant heat flux of 1100 W/m 2 . The moisture within the clothing assembly did not lead to increased temperatures compared with the measurements with dry samples. On the contrary, lower temperatures were reached during the evaporation process. This research demonstrates s and the evaporation time 2660 seconds. This means that for the FJ1, with higher R et , the evaporation rate is higher and the time of evaporation is shorter. This is a contradiction that can be explained by the fact that barrier properties of hydrophilic membrane (component of FJ1) do depend on the applied watervapour pressure because of membrane swelling effect. Thus, the water-vapour resistance of hydrophilic membrane is reduced by increasing the water-vapour pressure applied to the sample, or, expressed in more simple terms, hydrophilic membrane responds to increasing water-vapour pressure by becoming The evaporation temperature depends on the heat flux density: the higher the heat flux the higher the temperature at which the constant plateau is registered.
Even if the thermal resistance of FJ2 is lower than the thermal resistance of FJ1, comparable temperatures have been registered at steady state. This can be because of the fact that FJ2 has four layers, that is, one supplementary air gap more breathable [21, 22] . Following the presence of liquid water in the textile layers beneath the hydrophilic membrane, the vapour pressure under membrane gets close to the saturation pressure which results in an increase in the relative humidity and consequently a decrease in the water-vapour resistance.
Conclusions
We investigated simultaneous heat and moisture transfer through a single-layer fabric, used as underwear for firefighters, at different moisture conditions, when exposed to a low level of radiant heat. In the absence of a standardised method for testing the heat and moisture transfer through protective equipment for fire-fighters under routine conditions, a measuring device was developed, which was calibrated to deliver a constant radiant flux corresponding to these conditions of the fire-fighting environment.
The energy used for water evaporation was calculated from the evaporation rate and the energy balance equation, and a good correlation was found.
The underwear without additional water (dry condition) and with additional water was also tested together with two multi-layer fire-fighter jackets. In this experiment, moisture was applied before exposure to radiant heat.
During the evaporation of the moisture, a temperature plateau appeared during which temperatures were hardly rising. The energy consumption used for the phase change of moisture located in the assembly dominated the heat transfer process as long as there was moisture present. As soon as all water had evaporated, the temperatures approached the temperatures measured for dry samples.
Water has higher thermal conductivity relative to air and it has been assumed that heavily wet condition within the firefighter clothing makes faster temperature increase. But this research has confirmed that moisture can positively affect the thermal protection of a clothing system in case of routine firefighting operation. The moisture within the clothing assembly did not lead to increased temperatures compared with the measurements with dry samples. The effect of the higher heat capacity and energy absorption through vaporising overtook the effect of higher heat conductivity of the wet material.
Linear correlations were confirmed between the moisture content and both the evaporation time and the evaporation rate as well as between the heat flux density and both the evaporation time and the evaporation rate.
The evaporation temperature depends on the heat flux density: the higher the heat flux the higher the temperature at which the constant plateau is registered.
This study contributes to a better understanding of the impact of moisture retained in the underwear on the protective behaviour of overall fire-fighter clothing system, under the conditions of low-level radiant heat flux.
